ABSTRACT A 4-yr on-farm study was conducted in the Philippines between 2006 and 2009 to determine if there are any long-term impacts of Bt corn on the arthropod community on commercial farms and in adjacent riparian areas. Arthropod counts were gathered by visual inspection of corn plants in three pairs of commercial farms and by sweep sampling in riparian sites close by. Sampling showed that species composition between Bt and non-Bt corn and between riparian areas adjacent to Bt or non-Bt corn were similar. Principal response curves and analysis of variance showed that there were no adverse effects of Bt corn on the abundance of natural enemies either in crops or adjacent riparian sites. The frequently observed natural enemies in Bt corn were the predatory coccinellid beetle, Micraspis discolor (F.) and spiders (Araneae). Arthropod diversity was similar 1) in Bt-and non-Bt corn and 2) the adjacent riparian areas. Taken together, the two parts of this study show that Bt corn does not have any long-term adverse effect on arthropod communities in corn (Zea mays L.) or in adjacent riparian ecosystems. The methods and results described in this study will be useful to Philippine government regulators in making recommendations and policy guidelines related to monitoring for environmental effects of transgenic crops. The current study did not attempt to demonstrate the direct exposure of arthropods in riparian sites to transgenic Cry1Ab protein that might come from adjacent Bt corn Þelds; that would require different experimental methods but the current study suggests such effects are unlikely.
bacterium that produces insecticidal Cry proteins. Through genetic engineering, several crops expressing Cry proteins have acquired protection from damage because of insect attack, including the Bt corn containing Cry1Ab that is currently sold in the Philippines. Since the governmentÕs approval of Bt-corn commercial propagation in December of 2002, the Philippines has become one of the worldÕs major users of the Bt-corn technology, with the land area planted with Bt corn reaching 600,000 ha at the end of 2011 (James 2011) . The adoption of Bt corn has signiÞcantly increased corn-farmer productivity (Yorobe and Quicoy 2006, Brookes and Barfoot 2008) because of effective control of Ostrinia furnacalis (Guené e), and possibly also because of the positive effect of the associated regulatory system and research capability (Raney 2006) .
BeneÞcial natural enemies have an important role in regulating the population of insect pests in corn (Zea mays L.) and monitoring for their abundance in the Þeld constitutes a valid risk-assessment methodology for assessing the impacts of this new technology (Romeis et al. 2010) . Natural enemies are exposed to transgenic Cry1Ab protein in Bt corn either through bitrophic or tritrophic interactions (Naranjo 2009 ). Another environmental-risk concern is the exposure of any adjacent riparian arthropod community to transgenic Cry1Ab protein transported by mobile arthropods, corn pollen, and detritus (Rosi-Marshall et al. 2008 ) from the transgenic corn Þeld and potentially affecting overall biodiversity. This has been considered in various risk assessments (GrifÞths et al. 2009 , Jensen et al. 2010 , Tank et al. 2010 ) because riparian areas are also important for the conservation of arthropod species diversity. However, it is generally considered that the risk of exposure to transgenic Cry proteins is very low (Volkmar et al. 2004 , Storer et al. 2008 , Jensen et al. 2010 , Tian et al. 2010 . The current study addresses the potential long-term impact from exposure of arthropods to transgenic Cry1Ab protein expressed in Bt corn, both inside the transgenic-corn ecosystem and in adjacent riparian areas. The speciÞc objective of the current study was to monitor the long-term effect of Bt corn on arthropod community composition and diversity, including natural enemies, between Bt-and non-Bt corn and in adjacent riparian ecosystems.
Materials and Methods
Experimental Design. Only a limited number of sites with adjacent riparian areas were available for the current study because relatively few owners with suitable sites were willing to volunteer their farms. However, six suitable farms were available at Ocampo, Sangay, and Tigaon in the province of Camarines Sur, the Philippines, and so the paired-Þeld design was replicated three times in each of Þve cropping seasons over 4 yr, as is appropriate for Tier 4 studies (Perry et al. 2009 Sampling. Arthropod counts were determined by visual sampling as described by Dively (2005) , with modiÞcations. On each farm, 100 corn plants were sampled in a "W" pattern that covered the whole farm; this was similar to the sampling protocol used by CandolÞ et al. (2004) . All above-ground parts of each plant were examined carefully for arthropods, including both sides of leaves. Arthropod specimens collected from visual samplings were identiÞed to species level, whenever possible. All sampling activities were conducted early in the morning when arthropods were less active. Sampling occurred 25, 35, 45, 55, 60 , and 110 d after planting, which corresponded with the early vegetative, middle vegetative, late vegetative, reproductive tasseling, reproductive silking, and maturity stage, respectively. Sweep sampling was conducted in riparian sites. In each riparian site, sweep sampling was carried out in each of Þve 5-m 2 quadrats. The distance to the edge of each farm to the riparian site was variable and ranged from 5 to Ϸ25 m. Forty sweeps were collected in each quadrat. All arthropod collections from in each quadrat were preserved in 70% alcohol and identiÞed in the laboratory. Sampling in the riparian sites coincided with the farm sampling.
Statistical Analysis. Principal response curve (PRC) analysis is a community-based multivariate method designed to test and display treatment effects that change across time (Van den Brink and Ter Braak 1999) . The principal response can be explained as a Ôvirtual speciesÕ that reßects the behavior of the whole community (CandolÞ et al. 2004) . Each set of seasonal-abundance data gathered from June 2006 to April 2009 was separately analyzed by PRC to measure the long-term impact of Bt corn on arthropod-community composition. Abundance data were ͌(x ϩ 1)-transformed before analysis to normalize the data (Jongman et al. 1995) . SigniÞcant deviation of the principalresponse canonical coefÞcient (Cdt) for Bt corn from control (i.e., near isoline non-Bt corn) over all sampling dates was tested using the Monte-Carlo method (999 permutations) performed with Canoco 4.5 (Ter Braak and Smilauer 2002) . Each pair of farms was considered as a block as deÞned by covariables. Sampling time was treated as a covariate and the product of sampling time and crop type (i.e., Bt-and non-Bt corn) as explanatory variables. Sampling of split plots (i.e., sampling dates) was restricted, whereas whole plots (treatments) were shufßed randomly. The effect of crop type on abundance of major arthropod groups or species was determined by repeated-measures analysis of variance (ANOVA) with repeated measures on sampling dates within season. Data were transformed onto the ͌(x ϩ 0.5) scale before statistical analysis by using SYSTAT version 12. The same statistical treatments were applied to riparian abundance data. The diversity index, e H (i.e., the exponential of Shannon index), was used to estimate arthropod diversity (Jost 2006 , Fraulo et al. 2008 in both corn and riparian sites as this provides a more useful comparative measure of diversity than the raw Shannon Index scores (Jost 2006) . All taxa within each data set were used in the analyses. Repeated-measures ANOVA also was used to test the null hypothesis that there is no statistically signiÞcant difference in diversity index between Btand non-Bt corn and between riparian sites adjacent to Bt-and non-Bt corn farms. Where there were signiÞcant treatment ϫ sampling date interactions, treatment differences were tested using the Protected least signiÞcant difference test with a Bonferroni probability correction to maintain a family-wise probability level of P ϭ 0.05.
Results

Arthropod Community Inside the Corn Ecosystem.
SigniÞcant community-level impact of Bt corn on arthropod fauna was not detected by PRC analysis in any of the Þve seasons, as shown in Fig. 1 . Crop type accounted for only 11.1, 10.4, 6.9, 16.5, and 6.1% of the total variance for seasons 1Ð5, respectively, of which 40.2, 42.4, 35.1, 52.9, and 34.5%, respectively, were captured by the Þrst PRC axis (plotted as the Y-axis in Fig. 1) . A large proportion of variance in the communities was explained by changes during the season because sampling dates accounted for 45.0, 35.6, 58.0, 47.0, and 60.6% of the total variance in the communities over the Þve cropping seasons and blocking accounted for only 8.0, 8.0, 7.0, 5.0, and 8.5% of the total variance. In the Þgures, taxa with weights between Ϫ0.5 and ϩ0.5 were not shown because they are likely to show a weak response or a response that is unrelated to the PRC curve (Van den Brink and Ter Braak 1999). The species weights for each taxon shown on the right side of the PRC curves correspond to the weight of each species for the response shown in the respective PRC plot. Taxa with positive contributions to the PRC behave similarly to the principal response, i.e., if the principal response is increasing in a treated group, the taxa with positive contributions tend to increase as well. However, taxa with negative contributions tend to decrease if the principal response curve is increasing (CandolÞ et al. 2004 ). The natural enemies that were shown to have a strong afÞnity with the overall community response as displayed in the PRC diagrams were spiders (Araneae), the coccinellid beetles Micraspis discolor (F.) and Chilomenes sexmaculatus (F.), tropical Þre ant Solenopsis geminata (F.), a group of unidentiÞed parasitic Hymenoptera including Ichneumonidae, lace wings (Chrysopidae), and Syrphidae.
The average seasonal abundance of these natural enemies is shown in Table 1 . For all analyses except one (M. discolor, season 4), there was no treatment ϫ time interaction and so time and treatment effects were considered at the main effect level only. Pairwise tests of M. discolor numbers for each sampling date during season 4 showed that there were no signiÞcant differences in M. discolor abundance between the Btand non-Bt corn on any sampling date in that season. For all other natural enemies, there was no signiÞcant difference between Bt-and non-Bt corn at the maineffect level in any season (Table 1 ). In addition, crop type had no signiÞcant inßuence on the communitydiversity index (Table 1) .
Arthropod Community Inside the Riparian Area. There were no signiÞcant differences from the control (non-Bt) in the PRC curves obtained from the riparian sites adjacent to Bt corn (Fig. 2) . The adjacent crop type accounted for only 10.1, 13.9, 7.4, 13.7, and 8.8% of the variance for the Þve seasons, of which 27.6, 39.6, 30.7, 44.0, and 37.4%, respectively, of this variance was captured by the Þrst PRC axis (Fig. 2, Y-axis) . A large proportion of variance in the communities was explained by changes during the season because sampling dates accounted for 34.1, 32.3, 45.2, 36.1, and 55.3% of the total variance in the communities in each of the Þve seasons, whereas blocking accounted for 10.2, 7.7, 7.1, 8.5, and 10.9% of the variance. The natural enemies that had a strong afÞnity with the overall community response (Fig. 2) were dragonßies (Anisoptera), damselßies (Zygoptera), Ichneumonidae, C. sexmaculatus, Araneae, Scelionidae, red ants (Formicidae), Sphecidae, black crickets [Metioche vittaticolis (Stål)], Dolichopodidae, Braconidae, and tropical Þre ants (S. geminata). In the riparian areas, there were no interactions between sampling date and crop type for any parameter (Table 2 ). In addition, there All arthropod taxa data was transformed on to the ͌(x ϩ 0.5) scale prior to analysis. Transformed means (and their SEs) from the repeated-measures ANOVA were based on data for three replications for each of the six sample dates. Equivalent (back-transformed) means provide estimates of treatment means on the original scale. Diversity index data was not transformed prior to analysis but again means and SEs are based on the data used for the repeated-measures ANOVA, i.e. three replications for each of the six sample dates.
a Main-effect F-test probability from repeated-measures ANOVA. All time ϫ treatment interactions non-signiÞcant (P Ͼ 0.05), except for M. discolor (JuneÐSept. 2008)Ñsee text and footnote 2.
b SigniÞcant date x treatment interaction effect (P ϭ 0.049). Treatment t-tests for each sampling date showed signiÞcant differences between treatments on only one sampling date. were no signiÞcant differences in either the diversity index or in the abundance of any of the natural enemies between the riparian sites associated with Bt corn and those adjacent to non-Bt corn (Table 2) .
Discussion
This is the Þrst long-term monitoring study conducted in the Philippines to measure secondary ecological effects of Bt corn on arthropod community in commercial-scale farms and nearby riparian areas. The PRC analyses of the Þve cropping seasons of data did not detect any adverse impacts on arthropod community either inside the corn crop or in adjacent riparian areas. Note that the PRC method has been advocated to measure biomonitoring data (Van den Brink and Ter Braak 1999; Van den Brink et al. 2003 ) and has been shown to provide one of the best available methods for detecting such effects, including the effects of insecticides on community structure (e.g., CandolÞ et al. 2004 , Whitehouse et al. 2005 . Previous studies (Dively 2005 , Eizaguirre et al. 2006 ) have reported the absence of adverse long-term effects of Bt corn on nontarget arthropods. A multiyear study by Head et al. (2005) on Bt cotton showed no adverse impact on nontarget arthropod populations. The ecological function of nontarget arthropods was not affected by Bt cotton, as reported by Naranjo (2009) . Storer et al. (2008) concluded that there is no wide scale adverse impact on nontarget species resulting from the widespread use of Bt crops. In addition, the low variance explained by crop type that was observed in the current study has been documented by other workers. For instance, Torres and Ruberson (2006) reported very low variance associated with Bt cotton on nontarget arthropods, which correlated also with lack of signiÞcant effect on abundance.
In a previous study on long-term monitoring of Bt corn, Schorling and Freier (2006) reported that Bt corn did not have a signiÞcant impact on arthropod community. Similarly, Priestly and Brownbridge (2009) concluded from their 2-yr study that environmental conditions and crop-management practices had the most signiÞcant impact on arthropod community rather than crop type. In the current study, the large variance associated with sampling dates was common to all the PRC analyses of abundance data from corn and riparian sites. Incidentally, PRC analysis could also be used to determine a suitable bioindicator taxa that can be used for future monitoring studies (Frampton 2000) . Results of PRC analyses from this study suggest that the coccinellid beetle M. discolor may be a useful indicator group for the Philippine corn ecosystem.
This species is a generalist predator and is almost always present throughout the growing season of corn in major corn-growing regions of the country (Alcantara 2004) . The ubiquitous presence of M. discolor in the Þeld, coupled with its omnivorous feeding habit, makes the insect highly exposed to transgenic Cry1Ab protein. Our Tier I test in the laboratory showed that M. discolor is not sensitive to Cry1Ab protein even at doses 20 times higher than the dose of Cry1Ab protein found in Bt corn pollen (E.P.A., unpublished data). In a similar study, another species of coccinellid beetle was not adversely affected by ingesting high concentrations of Cry1Ab protein (Alvarez-Alfageme and Bigler 2010). The results of the current study further support previous observation that long-term effects on the abundance of M. discolor in the Þeld are unlikely. The role of the other coccinellid predator, C. sexmaculatus, as a signiÞcant biotic agent in the control of corn insect pests has not been documented locally. Perhaps, because of its low abundance in the Þeld, C. sexmaculatus might be an efÞcient predator only in the presence of M. discolor (i.e., there is a synergistic interaction between the two species) (E.P.A., unpublished data). Spider identiÞcation was assigned only to the higher taxa (Araneae) because it was demonstrated previously that the assemblage of spider species is more effective in reducing prey densities than a single spider species (Greenstone and Sunderland 1999, Sunderland 1999) . Spider abundance (i.e., at the Super Family level) was not adversely affected by Bt corn (Table 1) . Several herbivores observed in corn might be preyed upon by spiders. Consistent with previous observation (Jasinski et al. 2003) , hymenopteran parasitoids were observed in Bt corn despite the absence of corn borer, but it is unclear what these parasitoids were doing in Bt corn.
Riparian areas close to farming communities are not only an important haven for biodiversity but might also be important sources of beneÞcial arthropods for the control of insect pests in nearby corn Þelds. These natural enemies (Fig. 2) could be useful in regulating the population of some insect pests present not only inside riparian sites but also in corn. The presence of M. discolor in riparian sites suggests that the predator is very mobile and it might warrant further investigation to determine its role as a major carrier of transgenic Cry protein to these sites. Considering the very close proximity of Bt corn to the riparian sites, it might also be possible that other corn predators (M. vittaticolis and Araneae) carry the transgenic Cry protein to the riparian sites. The risk to the arthropod community in these sites, more generally, appears to be negligible especially as the presence of Bt corn near riparian sites did not have a signiÞcant adverse inßuence on the abundance of predatory taxa. A sensitive method to quantify the amount of transgenic Cry1Ab protein that might be ingested by arthropods through the food chain in the riparian sites is necessary to establish unequivocably the insigniÞcant risk posed by the transport of transgenic protein to these sites. Because riparian sites are important source of biodiversity, they could be used as one of the indicators of biodiversity loss. The Convention on Biological Diversity has listed trophic integrity of other ecosystems as one of the headline indicators for monitoring loss of biodiversity (reviewed in Walpole et al. 2010) . This study has shown that long-term near deployment of Bt corn had no detectable adverse impact on arthropod diversity in riparian sites.
Biodiversity protection is important for sustainable development (Brundtland 1987) . It provides services for agriculture (Altieri 1999) and is related to ecosystem functioning (Clergue et al. 2005) . The exponential Shannon index was used to compare directly the arthropod diversity between Bt-and non-Bt corn; there was no signiÞcant difference in arthropod diversity within every cropping season between Bt-and non-Bt corn. This conÞrms the Þndings of previous studies in other countries that have shown similar diversity indices between Bt corn and conventional corn (Lozzia et al. 1998 , Lozzia 1999 , Dively and Rose 2002 .
The cost of regulation of genetically modiÞed (GM) crops in the Philippines is represented by activities in compliance and support of government regulatory requirements (Manalo and Ramon 2007) . As part of responsible stewardship of transgenic technology, postcommercialization monitoring is a regulatory requirement for GM crop-technology developers wishing to renew the license to market their product. The All arthropod taxa data was transformed on to the ͌(x ϩ 0.5) scale prior to analysis. Transformed means (and their SEs) from the repeated-measures ANOVA were based on data for three replications for each of the six sample dates. Equivalent (back-transformed) means provide estimates of treatment means on the original scale. Diversity index data was not transformed prior to analysis but again means and SEs are based on the data used for the repeated-measures ANOVA (i.e. three replications for each of the six sample dates).
a Main-effect F-test probability from repeated-measures ANOVA. All time ϫ treatment interactions nonsigniÞcant (P Ͼ 0.05).
current study will be a useful reference for government regulators in the Philippines in making recommendations for future postcommercialization monitoring of GM crops that are already in the regulatory pipeline and in making policy guidelines for monitoring schemes as a type of measure for coexistence with organic farming (Jones 2009 ). The issue of coexistence of GM crops and organic farming is currently being actively studied in the Philippines to accommodate freedom of choice and to aid food security.
